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Anion ? exchanger activity was described shortly thereafter in mammals; specifically in apical membrane preparations from the small intestines and renal proximal tubules of rats [4] .
The SLC9A family
The first mammalian Na
? -H ? exchanger gene to be cloned, now known as SLC9A1, encodes the ubiquitously expressed, amiloride-sensitive Na
? -H ? exchanger NHE1 (sometimes notated as NHE-1) [5] . SLC9A1 maps to human chromosome 1p36.11 and to chromosome 4D2.3 in mice. We now know that the SLC9A gene family includes nine members encoding NHE1-NHE9, 1 all of which are bona fide Na ? -H ? exchangers. NHE1-5 localize primarily to the plasma membrane, in contrast to NHE6-9 that reside in organelle membrane compartments [6, 7] . Of the plasma membrane NHEs, NHE1 and NHE2 are expressed in multiple tissues, whereas NHE3 is restricted primarily to kidney and intestine [8] , NHE4 mainly to stomach and kidney [9] and NHE5 predominantly to brain, testis and spleen [10, 11] . Following the cloning of numerous Na ? -H ? exchanger genes from multiple species, it is now appreciated that mammalian NHE proteins share no substantial amino acid sequence identity with their bacterial, fungal, or plantal counterparts. However, threedimensional modeling predictions based on the crystal structure of a bacterial electrogenic Na ? -2H ? antiporter (NhaA) [12] indicate that all NHEs are likely to adopt a similar three-dimensional conformation and thus may share common ancestry and transport mechanisms [13, 14] .
The SLC9B and SLC9C families
The wider mammalian SLC9 superfamily includes two other, smaller gene families: SLC9B and SLC9C. Each family includes two members, neither of which exhibit substantial sequence homology to NHEs of the SLC9A family. However, the two SLC9B family members do exhibit sequence similarity to cation/proton exchangers from lower organisms [15] . No functional data is available for the testes-expressed SLC9B1 product, aka the Na ? -H ? exchanger domain-containing protein NHEDC1 [16] . The SLC9B2 product NHEDC2, also known as NHA2, exhibits a broader expression pattern and appears capable of NHE activity inasmuch as it promotes Na ? tolerance at acidic extracellular pH when heterologously expressed in yeast [17] . In the kidney, NHA2 localizes to the distal convoluted tubule, where it has been speculated to play a role in blood pressure control [6, 17] . The SLC9C1 product 'NHE10' is expressed in osteoclasts and sperm [18] . Although innate NHE10-regulated Na
? -H ? activity has been difficult to demonstrate, when expressed as a chimeric protein that includes the first transmembrane span of NHE1, trafficking to the plasma membrane was enhanced and Na
? -H ? exchange was detectable [19] . The function of SLC9C2 is yet to be determined.
NHE1 action
Substrates and inhibitors NHE1, in common with NHE2-5, mediates the electroneutral (1:1 stoichiometry) exchange of Na ? and H ? across the plasma membrane of cells, typically exploiting the inwardly directed Na ? gradient established by the Na ? -K ? ATPase to extrude H ? , especially when intracellular pH is acidic. NHE1 is quiescent in resting cells [20, 21] , but can be activated by a variety of stimuli, as discussed later. The K m for extracellular Na ? is *6-10 mM, and the pK i (reporting the K m for intracellular H ? in pH units) is *6.6-6.8 [22, 23] . 2 It has also been demonstrated that NHE1 is capable of operating in reverse mode [24] , and also as a Na ? -Li ? exchanger [25, 26] . NHE1, like NHE2-5, is inhibited by amiloride and its derivatives [e.g., 5-(N-ethyl-N-isopropyl)amiloride EIPA] [27], enabling the pharmacological distinction of NHEs from amiloride-insensitive Na ? /HCO 3 -co-transporters (NBCs), one of which (NBCe1-A) sits alongside NHE1 and regulates intracellular Na ? and pH in the kidney proximal tubule [28] . Furthermore, NHE1 can be pharmacologically distinguished from other NHEs by virtue of differences in inhibitory constants for amiloride. For example, EIPA is at least one order of magnitude more selective for NHE1 (K i * 0.02 lM) [29, 30] compared to any of the other plasma membrane expressed NHEs (K i * 0.5-500 lM) [23, 29-33]; benzoyl guanidine derivatives, such as 1 NHE3 is the transporter responsible for the activity originally detected in the apical membranes preparations from rat proximal tubules.
2 The K m for intracellular H ? in pH units is sometimes referred to as pK i . Note that 'pK i ' is not defined as the protonation state of titratable groups in the protein.
cariporide (aka HOE692) exhibit even greater NHE1 specificity (reviewed in Ref. [27] ). The precise mode of action of these drugs is unknown, but mutagenesis studies reveal that hydrophobic residues in the vicinity of the fourth transmembrane-spanning domain (TM4, NHE1 residues 
NHE1 distribution
The number of cell types that express NHE1 is so diverse that the transporter is often described as being ubiquitous. Reports of mammalian cell types that lack NHE1 (e.g., some dopaminergic neurons and microglia) [51, 52] ? exchangers and mammalian NHEs at the amino acid level is very low, there are significant structural similarities, and efforts are underway to create a model NHE1 structure extrapolated from NhaA, which can then be reconciled with the wealth of NHE1 structure-function studies [13, 40, 69] . Extrapolation from NhaA confirms common features such as a short N-terminal cytosolic tail, an ion-translocating domain with 12 TMs, and a relatively long carboxy-terminal cytosolic domain that serves a regulatory function. The features of the NHE1 transport and regulatory domains are considered below and shown in Fig. 1 .
N-terminal tail
This short 15 amino acid sequence, which extends into the cytosol, has no known role other than presumably to anchor TM1 in the membrane.
Transmembrane-spanning ion-translocation domain
This 485 amino acid sequence is composed of 12 TMs joined by short loops as well as a long re-entrant loop that dips into the plane of the membrane between TM9 and TM10. The first extracellular loop that joins TM1 to TM2 contains both N-and O-linked glycosylation sites [70, 71] , with N-glycosylation assisting in the targeting of mature NHE1 to the basolateral membrane of polarized epithelial cells [59] . Once at the plasma membrane, the extracellular loops joining TM1 to TM2 and TM3 to TM4 can be proteolytically cleaved without any obvious detriment to Na
? -H ? exchange activity [71] . However, it has not been determined whether it is the entire region encompassed by TM1-TM3, or just the integrity of the extracellular loops in that region, that is dispensable for basal NHE1 activity.
Interpretations of current homology models indicate that TM4, in addition to being a major determinant of inhibitor sensitivity (see above), contributes residues that line the intracellular and extracellular substrate access pathways [13, 40] . Both models also predict that disordered regions in the middle of TM11 and one other span (either TM4 or TM6, depending on the model) come together to form the transport 'gate'/catalytic core that occludes the extracellular and intracellular substrate access pathways [13, 40] . However, the identity of the other spans that contributes to the access pathways of specific residues that form the substrate-binding sites remain controversial and are not readily reconciled by structurefunction studies [69] . In addition to a substrate-H ? binding site, residues in the vicinity of the cytoplasmic loops that join TM2 to TM3 and TM10 to TM11 ? . In the case of calmodulin, this occurs by the masking of an autoinhibitory domain in the cytosolic tail that, when unoccupied, promotes an acidic shift in the pH-dependent K m for NHE1 [91, 92] . A truncated NHE1 that lacks the distal cytosolic tail also exhibits a substantially more acidic K m for intracellular H ? than the intact protein [94, 95] , perhaps due to loss of the influence of several phosphorylatable serine and threonine residues. These sites are constitutively phosphorylated in quiescent cells [96] , but can then be further phosphorylated in response to many extracellular stimuli, including growth factors, hormones, extracellular matrixintegrin interactions, and sustained intracellular acidosis ( Fig. 1) ]. An exception is NHE1 activation by extracellular hypertonic stimuli, which does not require NHE1 phosphorylation [115, 116] . Many of the phosphorylation and binding partner studies have previously been extensively reviewed [47, 117, 118] .
Cellular mechanisms of NHE1 function pH regulation NHE1 harnesses the inwardly directed Na
? gradient to remove H
? from the intracellular milieu, thereby resisting acidosis. Virtually all physiological processes are pH sensitive and the importance of NHE1 in the protection of these processes is reflected in its near ubiquitous expression and frequent reference to the role of NHE1 as an important housekeeping protein. A critical NHE1 function, which is discussed below, is resistance to proximal tubule apoptotic stress in the context of chronic kidney diseases (CKDs), such as diabetic nephropathy. A universal feature of apoptosis is the activation of endonucleases and executioner caspases, which catalyze degradation of DNA and intracellular proteins, respectively. Many of these enzymes are maximally catalyzed at pH values that are encountered in apoptosis, but well below physiologic intracellular pH range, which serves as a safeguard to prevent accidental activation, with lethal consequences [119] [120] [121] [122] . By perpetually extruding H ? , in exchange for Na ? , NHE1 plays an important housekeeping role by maintaining homeostatic intracellular pH that is sufficiently high to allow optimal function of most enzymes and structural proteins, while preventing activation of endonucleases and caspases.
Additional examples of the impact of NHE1 action on pH are maintenance of neuronal excitability by influence upon pH-sensitive ion channels and receptors (reviewed in [123] ), support of the inflammatory response by disposing of the intracellular acid load that accompanies the respiratory burst in immune cells (reviewed in [124] ), and promotion of cell migration by influencing pH-dependent protein-protein interactions within focal adhesion complexes that link the cytoskeleton to the extracellular matrix. In the case of migration, NHE1 is recruited to focal adhesion complexes, and an interaction with integrins stimulates NHE1 action, thereby creating pH nanodomains around these structures [125, 126] . The NHE1 action generates an intracellular alkaline nanodomain that could influence actin remodeling and promote focal adhesion turnover at the leading edge of migrating cells [127, 128] , but also causes a complementary extracellular acidic nanodomain that strengthens the interaction between integrins and their extracellular matrix ligands [129] . NHE1 activity also facilitates migration by promoting the degradation of matrix proteins via enhancement of the expression and activity of pericellular matrix metalloproteinases [130, 131] .
Vectorial Na
? transport A major function of the kidney is maintenance of extracellular fluid volume, and this is mediated predominantly NHE1 regulation in kidney proximal tubule 2065 through proximal tubule isosmotic reabsorption of 50-90 % of filtered Na ? . Because of the large amounts of solute and water transported by the proximal tubule, considerable coordination is required between multiple apical and basolateral transporters to maintain cell volume and pH (see Fig. 2 ).
Of the luminal Na ? transporters NHE3 is responsible for the greatest quantitative uptake of Na
? from ultrafiltrate, with most reabsorption occurring within the initial S1 segment [132, 133] . NHE2 is also expressed in the proximal tubule brush border, but in comparative studies with microperfused proximal tubules derived from NHE2 and NHE3 knockout mice, relatively little Na
? -H ? translocation was mediated by NHE2 [134] . The Na ? -glucose transporters, SGLT1 and SGLT2 are expressed within proximal tubule brush border, and also contribute to luminal Na ? reabsorption. SLGT1 is a high affinity, low capacity transporter, with a 2:1 stoichiometry for Na ? and glucose. SGLT2 is low affinity, high capacity, and transports Na
? and glucose in a 1:1 ratio. The NaPi-IIa Na ? -phosphate co-transporter is a minor contributor to luminal Na ? uptake, but a major effector of inorganic phosphate reabsorption, with approximately 80 % of filtered phosphate reabsorbed by proximal tubule NaPi-IIa, which is localized primarily in the S1 segment brush border [135] .
The low cytosolic Na ? and high K ? relative to plasma concentrations is largely attributable to Na ? -K ? ATPase activity, which is localized exclusively to the basolateral proximal tubule membrane. As shown in Fig. 2 , the Na ? pump is the major basolateral Na ? transporter, and is highly regulated by intracellular Na ? concentration [136] , implying that luminal Na ? uptake represents the rate-limiting step in net proximal tubule Na ? reabsorption. The Na ?
/HCO 3 -cotransporter NBCe1-A, which localizes to the basolateral membrane, is also a source of proximal tubule Na ? reabsorption, and the major pathway for HCO 3 -exit across the peritubular membrane [137] . The relatively small contribution of NHE1 to basolateral Na ? transport highlights the importance of its biological functions that are mediated by ion transport-independent mechanisms. However, in contrast to proximal tubule NHE3 and Na ? pump trafficking to the plasma membrane. The mechanism by which NHE1 enhances proximal tubule Na ? -K ? ATPase was not identified, but the authors noted that it was unlikely to be related to Na ? entry across the basolateral membrane, and speculated that dual phosphorylation by common kinases could foster protein-protein interactions, or that nontransport NHE1 scaffolding properties could be responsible [138] .
Despite co-localization to the basolateral membrane, and common teleology for regulating intracellular Na ? and pH, we are unaware of functional interactions between NHE1 and NBCe1-A in the proximal tubule. However, cooperation between NHE1 and NBCe1 has been described in cardiac tissue. The two transporters are spatially separate in the heart (NHE1 is expressed at the intercalated disc and gap junctions; NBCe1 and NBCn1 are expressed in transverse tubules), but they nevertheless coordinately facilitate Na ? influx, intracellular alkalinization, and ultimately Ca 2? loading of the sarcoplasmic reticulum for excitationcontraction coupling [139] . In studies of NHE1-deficient MDCK cells, which more closely resemble distal, rather than proximal tubule cells, NBCe1 expression was upregulated, which compensated for defects in intracellular volume and pH regulation [140] . However, a cell migration phenotype was not rescued, indicating that not all NHE1 and NBCe1 functions are redundant. -are buffered, the counter-transported Na ? and Cl -produce a net increase in intracellular osmolality that promotes RVI.
The in vivo relevance of RVI to the proximal tubule has been difficult to discern, though it is plausible that constant fine tuning of cell volume is important for multiple intracellular processes, such as regulation of cell membrane curvature and proper approximation between interacting intracellular proteins. As discussed in the next section, RVI may also be critical for counteracting multiple cell volume perturbations, including apoptotic shrinkage [143, 149] . NHE1 has been implicated in pathophysiology of cell hypertrophy, particularly involving the cardiomyocyte, in the context of congestive heart failure [118] . In circulating leukocytes, studies that originated primarily from Sergio Grinstein's lab indicated a role for NHE1, both in cell volume and intracellular pH changes associated with phagocytosis [148, 150, 151] . Moreover, phagocytic cup formation is mediated by dynamic changes in plasma membrane morphology and cell volume, which require electrostatic interactions between anionic membrane phospholipids and poly-cationic intracellular proteins [152] . Although NHE1 has not specifically been shown to be a phospholipid binding partner for phagocytosis, we speculate that it is a plausible candidate, considering its known interaction with inner leaflet membrane phospholipids [74, 75] .
NHE1 function at the systemic level
Genetic studies
In 1997 Cox et al. [153] characterized mice with an ataxia phenotype that was caused by a spontaneous NHE1 mutation of residue 441, between TM11 and TM12, which resulted in the insertion of a premature stop codon and unstable mRNA encoding a transporter without the C-terminal tail. These mice die within a few weeks of birth due to lethal seizures. Electroencephalography revealed a ''slow wave epilepsy'' pattern, hence the moniker Swe/Swe for these mice. Shortly thereafter Bell et al. [154] reported a virtually identical phenotype in mice with global NHE1 gene deletion. In contrast to NHE3 knockout mice or humans with loss of function NBCe1 mutations, which result in proximal tubule salt and HCO 3 -wasting [155, 156] , neither Swe/Swe nor NHE1 knockout mice demonstrate a renal phenotype.
Human NHE1 mutations had not been identified until recently, when a non-synonymous Gly305Arg substitution was shown to cause Lichtenstein-Knorr syndrome, a rare, autosomal recessive disorder characterized by ataxia and neurosensory deafness, with onset of symptoms typically by 1-2 years of age [157] . The mutation removes a critical NHE1 glycosylation site, resulting in loss of NHE1 targeting to the plasma membrane and a consequent absence of NHE1 Na
? -H ? exchange activity. A recent report describes that gene deletions of either NHE1 or huntingtin, the gene mutated in Huntington's disease, resulted in a similar chemotaxis phenotype in Dictyostelium amoebae in response to extracellular K ? -regulated cAMP and Ca 2? stimuli [158] . Although this is consistent with the well-established role of NHE1 in cell migration [113] , the novel finding is that in huntingtinnull organisms, actin filaments were disorganized, resulting in defective NHE1 trafficking to the plasma membrane [158] . Instead of normal expression at the leading edge of migrating cells, NHE1 was mislocalized to a perinuclear region in huntingtin knockout cells. Taken together, these data imply that there is a functional relationship between huntingtin and NHE1. However, human NHE1 mutations in Huntington's disease have not been described.
The reason for predominant brain phenotypes in NHE1-deficient, despite ubiquitous expression, is unclear. We speculate that the threshold may be lower for neuron dysfunction when some of the previously mentioned NHE1 functions, such as homeostatic intracellular pH or intracellular volume control are aberrant, perhaps due to less redundancy with NHE1-regulated pathways.
Kidney proximal tubule NHE1 function in animal models
Although neither the NHE1-deficient mice nor humans with loss of function NHE1 mutations display an overt renal phenotype, multiple groups have utilized animal models to test the effects of a stressor ''second hit'' to unmask NHE1 functions in vivo. In studies designed to identify the role of NHE1 in tubular atrophy, a critical NHE1 regulation in kidney proximal tubule 2067 pathologic predictor of chronic, progressive kidney diseases [159] [160] [161] , which is regulated by apoptosis [162] , Wu et al. [149] showed that Swe/Swe mice receiving tail vein injections of adriamycin, a chemotherapeutic agent that is toxic to murine glomerular epithelial cells, developed an augmented renal phenotype that included proximal tubular epithelial cell apoptosis. Swe/Swe mice injected with streptozotocin to induce diabetes, developed hallmarks of diabetic nephropathy, including albuminuria, azotemia, and tubular epithelial cell apoptosis [84] . Importantly, the Swe/Swe mice were bred onto a C57BL/6 genetic background, which is resistant to adriamycin and streptozotocin toxicity, indicating that the ''two hit'' combination of NHE1 loss of function and glomerular injury was sufficient to overcome the protective C57BL/6 background. In a rat model of obstructive nephropathy, the resulting tubular epithelial cell apoptosis was associated with diminished NHE1 expression, and pharmacologic inhibition of NHE1 enhanced apoptosis [163] . Recent in vitro studies suggest that one mechanism for NHE1 suppression is through mechanical stretch-induced RhoA and MAP kinase activation [164] . Taken together, multiple studies in models of CKD suggest that tubular epithelial cell NHE1 is cytoprotective [47].
NHE1-regulated mechanisms of proximal tubule epithelial cell survival
Further support of NHE1 in the defense against apoptosis includes multiple in vitro studies demonstrating that apoptotic stress activates NHE1 [47, 83, 84, 149 ]. An invariant feature of apoptosis is cell volume decrease, and as previously mentioned, NHE1 might relieve apoptotic stress through activation of RVI pathways [143, 149] . Apoptotic cells also undergo cytosol acidification, which catalyzes pro-apoptotic enzymes [120, 121, 165, 166] , suggesting that NHE1-regulated Na ? -H ? exchange, which is regulated by the N-terminal, transmembrane domain of NHE1, might defend against renal tubular epithelial cell apoptosis by alkalinizing cytosolic pH, as well as expanding cell volume.
As mentioned previously, two polybasic juxtamembrane domains anchor NHE1 to the plasma membrane inner leaflet through binding to PI(4,5)P2 [73-75, 78] and ERM adaptor proteins [82, 83] . Both ERM and PI(4,5)P2 are substrates for PI-3 kinase, and the PI(3,4,5)P3 product docks the pro-survival kinase Akt, leading to its activation and phosphorylation of downstream targets that block apoptosis. This scaffolding function of NHE1, which is independent of Na ? -H ? exchange activity, represents one mechanism of proximal tubule defense against apoptotic stress and tubular atrophy [75] . NHE1 activation of PI-3 kinase and Akt has also been implicated in glomerular epithelial cell (podocyte) survival, although in this case, the downstream effects of Akt activation are augmentation of autophagy and reduction in endoplasmic reticulum stress [167] .
Consistent with the notion that NHE1 acts as a proximal tubule cell survival factor, multiple studies have demonstrated that tubular epithelial cell NHE1 becomes inactivated during apoptosis [83, 149, 163, 164] . However, the mechanisms of inactivation have been elusive until recently. Initial studies indicated that the NHE1 cytosolic tail undergoes caspase-3-dependent degradation [149, 168] , but there are no consensus caspase cleavage sequences within the cytosolic tail, and relevant non-consensus sites have not been mapped. Decreased NHE1 mRNA and protein expression was noted in ureteral obstruction models [163, 164] . More recently, using animal models of kidney diseases characterized by glomerular damage and albuminuria, Khan et al. [76] have postulated that the aberrantly filtered albumin-bound fatty acids are reabsorbed by the proximal tubule. The intracellular fatty acids are then rapidly catalyzed to long chain acyl-CoA (LC-CoA), in preparation for b-oxidation and ATP generation (Fig. 3) . However, the rate-limiting enzyme for LC-CoA transport into mitochondria, carnitine palmitoyl transferase-1a (CPT1a) becomes saturated by the large LC-CoA flux, resulting in extensive lipid droplet deposition within the proximal tubule cytoplasm [76, 169, 170] . Although the lipid droplets represent a non-toxic intracellular depot, the storage capacity in non-adipocytes is limited. The overflow LC-CoA, which bear structural similarity to PI(4,5)P2 bind the NHE1 cytosolic tail with greater affinity compared to PI(4,5)P2 [76] . If LC-CoA reach sufficiently high (low-mid lM) intracellular concentration, they compete with PI(4,5)P2 for binding to NHE1, and uncoupling of the NHE1-PI(4,5)P2 interaction leads to loss of NHE1 activity [76] (Fig. 3) . In this scheme, proximal tubule NHE1 fulfills a unique role by serving as a metabolic sensor for lipotoxicity.
Acute kidney injury
The role of proximal tubule NHE1 appears to be quite different in the pathophysiology of acute kidney injury (AKI), which is most commonly induced by ischemia (reviewed in [47] ). In particular, the S3 proximal tubule segment, which delicately balances high O 2 demand and low basal O 2 tension in the cortico-medullary region, is the nephron portion most vulnerable to ischemia. The divergent mechanisms of NHE1 in the pathophysiology of CKD and AKI are illustrated by reports that NHE1 inhibitors improve renal blood flow and ameliorate the clinical course of ischemic AKI [171, 172] , whereas NHE1 inhibition exacerbates apoptosis in the context of CKD [75, 76, 83, 149, 163] . A plausible explanation for the discrepancy is that in CKD the stimulus for NHE1 activation is likely cell volume shrinkage due to an apoptotic stimulus, whereas in ischemic conditions anaerobic metabolism causes intracellular acidosis, which triggers NHE1 activity. While Na ? influx in shrunken cells may restore cell volume and function (in CKD), Na
? and H 2 O movement into proximal tubule cells with normal volume leads to swelling, which is a cardinal feature of necrosis (in AKI). In ischemic cells that express the NCX1 Na ? -Ca 2? exchanger, NCX1 is activated in the reverse mode, to extrude excess intracellular Na ? , which can then perpetuate Ca 2? -dependent necrosis and apoptosis pathways (reviewed in [47] ).
Conclusions
NHE1 is a ubiquitously expressed ion exchanger, which regulates electroneutral Na
? -H ? translocation that is critical for many cell functions, most notably maintenance of intracellular pH and cell volume. NHE1 was the initially discovered Na
? -H ? exchanger over 25 years ago, and is commonly and perhaps pejoratively referred to as a ''housekeeping protein'', implying that it is uninteresting or unworthy of scientific inquiry. However, extensive mapping and functional studies involving the regulatory NHE1 cytosolic domain have revealed that multiple protein and lipid binding partners direct an expanding list of NHE1 housekeeping chores. Among these is relief of proximal tubule apoptotic stress and CKD progression, which is accomplished by a novel mechanism, whereby NHE1 serves as a metabolic sensor for aberrantly accumulated fatty acid metabolites. We are optimistic that NHE1-regulated pathways may be exploited for further investigation of the pathophysiology of tubular atrophy, since it is a strong predictor of CKD progression, for which there are currently no specific diagnostic tests or therapies. 
